(CVD) by 72%. Mammalian target of rapamycin (mTOR) activation in the heart, as evidenced by a marked increase in the phospho-S6 protein that was inhibited by rapamycin, was demonstrated in 12-month-old Cy/+ rats. Conclusion. In conclusion, long-term rapamycin treatment in Cy/+ rats results in a normalization of kidney volume, renal function, blood pressure and heart weight. The novel finding that rapamycin decreases hypertension, heart enlargement and mTOR signalling in the heart in PKD rats is reported. The only side effect of rapamycin treatment was an 11% decrease in body weight.
There have been four short-term studies of mammalian target of rapamycin (mTOR) inhibitors in animal models of PKD. In Han:SPRD rats, studies demonstrate that rapamycin or everolimus delays the loss of function and retards cyst development [2, 3, 4] . In the bpk and orpk rescue mouse models of PKD, rapamycin reduces renal cystogenesis [5] .
Studies of mTOR inhibitors in humans with PKD have been initiated. Adults and children with ADPKD will likely require long-term or even life-long therapy with mTOR inhibitors. The effect of long-term rapamycin treatment in animal models of PKD is not known. The effect of rapamycin on blood pressure and heart weight has not previously been studied. In the present study, we treated Han:SPRD rats with rapamycin for 11 months and evaluated side effects, cyst growth, renal function, blood pressure and cardiac size.
Methods

Han:SPRD rats
The study was conducted in heterozygous (Cy/+) and normal littermate control (+/+) Han:SPRD rats. All the normal rats and Cy/+ rats studied were males. A colony of Han:SPRD rats was established in our animal care facility from a litter that was obtained from the Polycystic Kidney Program at the University of Kansas Medical Center. The study protocol was approved by the University of Colorado Health Sciences Center Animal Care and Use Committee. The rats had free access to tap water and standard rat chow.
Experimental protocol
Male Cy/+ and +/+ rats were weaned at 3 weeks of age and then treated with rapamycin 0.2 mg/kg/day IP or vehicle (10% ethanol in normal saline) on weekdays from 4 to 52 weeks of age. Rapamycin was obtained from LC Laboratories, Woburn, MA, USA, and a 1 mg/mL stock solution in 100% ethanol was kept at 4 • C.
In separate studies, rapamycin levels were drawn on a weekday, just before the next dose of rapamycin. Mean trough levels of rapamycin (ng/mL) were 6.6 ± 0.1 at 8 weeks of age (n = 3) and 6.9 ± 1.2 at 12 weeks of age (n = 3).
At 52 weeks of age, the rats were anaesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg body weight). Mean arterial pressure (MAP) was measured via a femoral artery catheter connected to a Transpac IV transducer and monitored continuously using the Windaq Waveform recording software (Dataq instruments).
Cyst volume density (CVD)
Haematoxylin-eosin-stained sections were used to determine the cyst volume density. This was performed by a reviewer, blinded to the identity of the treatment modality, using standard point counting stereology [6] . Briefly, a kidney was viewed using a Nikon Eclipse E400 microscope equipped with a digital camera connected to the Spot Advanced imaging software (version 3.5). Areas of the cortex at 90 • , 180 • and 270 • from the hilum of each section were selected to guard against field selection variation. Kidney areas were viewed under a grid containing 100 crossover points. The number of crossover points in a cyst versus noncystic kidney was quantified. The CVD represents the percentage of kidney cortex that is cystic.
Chemistry
Blood urea nitrogen (BUN) and serum creatinine were measured using quantitative colorimetric urea determination (QuantiChrom TM urea assay kit-DIUR-500) (Bioassay Systems, Hayward, CA, USA) and quantitative colorimetric creatinine determination (QuantiChrom TM creatinine assay kit-DICT-500). Rapamycin levels were measured using liquid chromatography/mass spectrometry by the Clinical laboratory at University Hospital.
Immunoblotting
Immunoblot analysis was performed as we have previously described [7] . Renal cortex was homogenized in a lysis buffer (in mM: 5 Na 2 HPO 4 , 5 NaH 2 PO 4 , 150 NaCl, 1 EDTA, 0.1% Triton X-100, 50 NaF, and 0.2 Na 3 VO 4 , and 0.1% β-mercaptoethanol, pH 7.2) plus proteinase inhibitors: 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), 15 µM pepstatin A, 14 µM L-trans-epoxysuccinyl-leucylamide-(4-guanido)-butane (E-64), 40 µM bestatin, 22 µM leupeptin, 0.8 µM aprotonin. Hearts were powdered in liquid nitrogen and then homogenized in the lysis buffer as described above. The homogenates were centrifuged (10 000 ×g at 4 • C for 10 min) to remove unbroken cells and debris. Supernatants were mixed with a sample buffer containing 50 mM Tris-base (pH 6.8), 0.5% glycerol, 0.01% bromphenol blue and 0.75% sodium dodecyl sulphate (SDS) and heated at 95 • C for 5 min. Equal amounts of protein (60 µg/lane) were fractionated by Tris-glycine-SDS-12.5% PAGE. The electrophoretically separated proteins were then transferred to a nitrocellulose membrane (Millipore, Bedford, MA, USA) by wet electroblotting. The membranes were blocked with 5% nonfat dry milk in TBST [50 mM Tris (pH 7.5), 150 mM NaCl and 0.1% Tween buffer at pH 7.5 overnight at 4 • C. Immunoblot analyses were performed with the following antibodies: (1) a phosho-S6 ribosomal protein (Ser235/236) antibody (Cell Signalling Technology, Beverly, MA, USA; catalogue number 2211) that detects the ribosomal S6 protein only when phosphorylated at serine 235 and 236. The main in vivo S6 ribosomal protein phosphorylation sites for p70S6 kinase are Ser235/236 and Ser240/244 [8, 9] . The phosho-S6 ribosomal protein is recognized as a 32 kDa protein. (2) A S6 ribosomal protein (5G10) antibody (Cell Signaling Technology; Catalogue number 2217) that detects levels of total S6 protein independent of phosphorylation: the total S6 ribosomal protein is recognized as a 32 kDa protein. The membranes were incubated with primary antibodies for 1 h at room temperature, washed in a TBST buffer and further incubated with donkey anti-rabbit IgG coupled to horseradish peroxidase (Amersham) at 1:1000 dilution in the TBST buffer for 1 h at room temperature. Subsequent detection was carried out by enhanced chemiluminescence (Amersham), according to the manufacturer's instructions. Prestained protein markers (Biorad) were used for molecular mass determination. Chemiluminescence was recorded with a film, and results were analysed with the 1D Image Software (Kodak Digital Science).
Statistical analysis
Multiple group comparisons were performed using analysis of variance (ANOVA) with posttest according to the Newman-Keuls procedure. A Table 1 . Effect of rapamycin in 52-week-old Han:SPRD (Cy/+) rats +/+ Vehicle Cy/+ Vehicle Cy/+ Rapamycin (n = 4) (n = 8) (n = 12)
Body weight (g) 494 ± 10 467 ± 15 415 ± 9 + 2K/TBW (%) 0.6 ± 0.004 1.4 ± 0.08 * * * 0.6 ± 0.02 ### Cyst volume density 1 ± 0.5 46 ± 7 * * 13 ± 1.6 ## (CVD) (%) BUN (mg/dL) 19 ± 3 176 ± 24 * * * 39 ± 2 ### SCr (mg/dL) 0.6 ± 0.1 3.2 ± 1.5 * * 0.7 ± 0.6 ## MAP (mmHg) 81 ± 11 116 ± 6 * 96 ± 4 # Heart weight (g) 1.6 ± 0.1 2.3 ± 0.2 * 1.7 ± 0.8 ## * P < 0.05 versus +/+; * * P < 0.01 versus +/+; * * * P < 0.001 versus +/+. # P < 0.05 versus Cy/+, NS versus +/+; ## P < 0.01 versus Cy/+, NS versus +/+; ### P < 0.001 versus Cy/+, NS versus +/+. + P < 0.01 versus Cy/+ and +/+. P-value of <0.05 was considered statistically significant. The values were expressed as means ± SE.
Results
A total of 28 rats were studied. Four of the Cy/+ rats died. Of the remaining 24 rats, 4 +/+ rats received vehicle, 8 Cy/+ rats received vehicle and 12 Cy/+ rats received rapamycin.
Two rats out of a total of eight Cy/+ vehicle-treated rats died. Two Cy/+ rats out of a total of 12 rats treated with rapamycin died. The rats died at 10-11 months into the study. These rats were not noted to be sick prior to death. The cause of death could not be determined on examination of the dead rats.
Rapamycin-treated Cy/+ rats had an 11% decrease in body mass compared to vehicle-treated Cy/+ (Table 1) . Despite the loss in body weight, all the rats appeared healthy during the study.
The two-kidney/total body weight ratio (2K/TBW) was determined to correct for the lower body mass caused by rapamycin. Cy/+ rats had a more than doubling of the kidney size compared to +/+ controls. Rapamycin reduced the kidney enlargement by 100% (Table 1) . Rapamycin reduced the CVD by 72% (Table 1) . Rapamycin completely prevented the increase in BUN and serum creatinine levels in the Cy/+ rats (Table 1) . Cy/+ rats treated with vehicle, which had massive renal cyst enlargement, had an increased MAP and heart weight compared to Cy/+ rats treated with rapamycin. MAP and heart weight were significantly decreased by rapamycin. MAP and heart weight were not statistically different between rapamycin-treated Cy/+ kidneys and +/+ kidneys (Table 1) .
Representative kidney sections of vehicle-treated +/+, vehicle-treated Cy/+ and rapamycin-treated Cy/+ rats, at the same magnification are demonstrated in Figure 1 . Representative pictures of the kidney histology are shown in Figure 2 .
On immunoblotting, there was an increase in the phospho-S6 ribosomal protein in vehicle-treated Cy/+ hearts compared to hearts from normal littermate controls (+/+). The increase in the phospho-S6 ribosomal protein in Cy/+ hearts was inhibited by rapamycin. The total S6 ribosomal protein, used as a control, was not different in vehicle-treated controls (+/+), vehicle-treated Cy/+ and rapamycin-treated Cy/+ hearts. Densitometry analysis demonstrated a significant increase in the phospho-S6 protein in Cy/+ hearts that was inhibited by rapamycin. Representative immunoblots and densitometry of four separate experiments are demonstrated in Figure 3 .
Discussion
Abnormal proliferation in tubular epithelial cells plays a crucial role in cyst formation and/or growth in PKD [10] [11] [12] . There is also experimental evidence for activation of the mTOR signalling pathway in the kidney in PKD [5] . Activation of the mTOR signalling pathway results in increased proliferation and decreased apoptosis [13] . Rapamycin is a Federal Drug Administration (FDA)-approved immunosuppressive drug and is a powerful anti-proliferative drug via inhibition of mTOR signalling [13] . Thus, there is sound rationale for the use of mTOR inhibitors, which are potent anti-proliferative agents, in PKD.
There have been four short-term studies of mTOR inhibitors in animal models of PKD. Rapamycin (0.2 mg/ kg/day) for 5 weeks from 4 to 8 weeks of age slows Fig. 3 . Increase in the phospho-S6 protein in hearts from 52-week-old (Cy/+) rats. On immunoblotting, there was an increase in the phospho-S6 ribosomal protein in vehicle-treated Cy/+ hearts (Cy/+V) compared to normal littermate control hearts (+/+). The increase in the phospho-S6 ribosomal protein in Cy/+V hearts was inhibited by rapamycin as demonstrated in rapamycin-treated Cy/+ hearts (Cy/+R). Total S6 ribosomal protein, used as a control, was not different in +/+, Cy/+V and Cy/+R hearts. Densitometry analysis demonstrated a significant increase in the phospho-S6 protein in Cy/+V hearts compared to +/+ and Cy/+R kidneys. * P < 0.001 versus +/+ and Cy/R hearts. Representative immunoblots and densitometry of four separate experiments.
disease progression in Han:SPRD rats [2] . Rapamycin (2 mg/kg/day) orally for 3 months delays the loss of function and retards cyst development in the Han:SPRD rat [3] . Everolimus (3 mg/kg/day) by mouth for 5 weeks inhibits cystogenesis in Han:SPRD rats [4] . In two independent mouse models of PKD, the bpk and orpk rescue mice, daily i.p. injections of 1.67 or 5 mg/kg rapamycin for 28 or 14 days, respectively, reduced renal cystogenesis [5] . Our study establishes the long-term efficacy of rapamycin in the treatment of PKD.
Adults and children with ADPKD will likely require long-term or even life-long therapy. The effect of longterm rapamycin treatment in animal models of PKD is not known. In the present study, we treated Han:SPRD rats with rapamycin from 1 to 12 months of age and evaluated side effects, cyst growth, renal function, blood pressure and cardiac size. The only side effect of treatment was weight loss. The weight loss of 11% in the present study of long-term treatment was less than the 22% we previously reported with short-term treatment [2] . Food intake was monitored in vehicle-and rapamycin-treated rats. The weight loss occurred without any apparent decrease in food intake.
Side effects of rapamycin in humans include (in order of frequency) hyperlipidaemia, hypertension, diarrhoea, anaemia, nausea or vomiting, thrombocytopenia, skin rash, stomatitis and malignancies (lymphoma and skin cancers). Serum lipids, haemoglobin and platelets were not measured in the present study. Both the vehicle-and rapamycintreated rats were carefully examined during the study, and at sacrifice they did not have diarrhoea, skin rash, stomatits or malignancies.
Survival was not an end-point of the study. However, the rapamycin-treated PKD rats were very much healthier than the vehicle-treated rats at 1 year of age. The vehicle-treated PKD rats at 1 year of age had hypertension, chronic kidney disease (CKD) (mean BUN of 176 mg/dL and serum creatinine of 3.2 mg/dL) and looked extremely sick as judged by much decreased activity and abdominal swelling, which on sacrifice revealed ascites. The rapamycin-treated PKD rats did not show signs of any side effects of treatment, did not have CKD and were much healthier than the vehicle-treated PKD rats at 1 year of age.
Increasing cyst enlargement in PKD is known to cause hypertension mediated by the renin-angiotensinaldosterone system [14] . Hypertension occurs early in the course of PKD and is an important factor in the mortality and morbidity of PKD [15] . Treatment of the hypertension with enalapril in patients with PKD has been shown to decrease left ventricular hypertrophy [16] . Hypertension is a feature of PKD in Han:SPRD rats [17, 18] . The present study demonstrates for the first time a significant decrease in hypertension and heart enlargement due to rapamycin treatment in PKD. The decrease in hypertension may be related to the decrease in cyst volume as increased cyst volume has been associated with hypertension in PKD [19] . The decrease in heart enlargement is likely due to the decrease in blood pressure.
Increased mTOR signalling has been described in the heart due to certain hypertrophic agents [20, 21] , and inhibition of mTOR signalling with rapamycin reduces the myocyte cell size and attenuates load-induced cardiac hypertrophy in mice [20] . p70S6 Kinase (p70S6K) is the best characterized downstream target of mTOR. p70S6K is phosphorylated by mTOR. Phospho-p70S6K in turn phosphorylates the S6 ribosomal protein. An increase in the phospho-S6 protein that is inhibited by rapamycin is a measure of increased mTOR signalling. [13] . Thus, we measured the level of the phospho-S6 protein as an index of mTOR signalling in the heart. We describe the novel finding of the increased phospho-S6 protein in the heart in PKD that is inhibited by rapamycin, indicative of increased mTOR signalling. In kidney transplant patients, rapamycin has been shown to decrease left ventricular hypertrophy, independent of blood pressure [22] . Thus, rapamycin may reduce left ventricular hypertrophy independent of blood pressure reduction in PKD rats. A future study of the effect of hypertension on mTOR signalling in the heart of PKD rats is an exciting prospect.
The male Cy/+ Han:SPRD rat develops slowly progressive renal cystic disease with interstitial fibrosis and azotaemia seen by 6 months of age and dies at approximately 17 months of age from end-stage kidney disease [23, 24] . The present study demonstrates that rapamycin treatment prevented the onset of CKD as judged by BUN and serum creatinine levels that were not different from wild-type rats.
In summary, long-term treatment with rapamycin in PKD results in a marked decrease in CKD, hypertension and heart enlargement with minimal side effects. The novel finding that rapamycin decreases hypertension, heart enlargement and mTOR signalling in the heart in PKD rats is reported. Our study supports the feasibility of long-term rapamycin treatment in PKD.
